The objective of this study was to determine the localization and distribution of oocyte plasma membrane binding sites on capacitated and acrosome-reacting live boar spermatozoa. Localization of oocyte plasma membrane binding sites on boar spermatozoa was determined with fluorescence microscopy and population distribution was examined with flow cytometry. The number of spermatozoa with oocyte plasma membrane bound to the equatorial segment and postacrosomal region of the sperm head significantly increased with capacitation. Equatorial segment labelling further increased with induced acrosome reactions. When the population distribution of oocyte plasma membrane binding sites on live boar spermatozoa was analysed, the percentage of spermatozoa with bound oocyte plasma membrane significantly increased after capacitation compared with that of washed spermatozoa. Binding of oocyte plasma membrane did not increase in control spermatozoa incubated under non-capacitating conditions and was not correlated with the percentage of dead spermatozoa. A change in localization of oocyte plasma membrane binding sites on the sperm head was demonstrated using fluorescence microscopy and an increase in oocyte plasma membrane binding sites after capacitation was shown using flow cytometry.
Introduction
During mammalian fertilization, sperm and oocyte membrane interaction leads to integration of the two membranes enclosing a single diploid embryo. In preparation for fusion with the oocyte plasma membrane, the capacitated spermatozoon undergoes an acrosome reaction leading to loss of the plasma membrane over the anterior head of the spermatozoon and exposing the inner acrosomal membrane. Plasma membrane remains over the equatorial segment, postacrosomal head, midpiece and tail of the spermatozoon after the acrosome reaction. Morphological studies using rodent species have demonstrated that molecules on the exposed inner acrosomal membrane initially bind to the oocyte plasma membrane (Koehler et al., 1982; Talbot and Chacon, 1982) . Fusion of the sperm and oocyte membranes occurs at the equatorial segment of the sperm head and incorporates the postacrosomal head plasma membrane (Yanagimachi, 1994) .
Modification of the sperm plasma membrane occurs during capacitation and the acrosome reaction to expose oocyte interaction proteins on the sperm surface. These modifications include unmasking sites and movement of sites to the correct location on the sperm head in *Present address: Department of Animal Science, Morrison Hall, Cornell University, Ithaca, NY 14850, USA † Correspondence Email: tberger@ucdavis.edu preparation for fusion with the oocyte plasma membrane (de Lamirande et al., 1997) . Migration of individual sperm proteins, including potential sperm ligands for the oocyte, between sperm surface domains to the equatorial and postacrosomal regions has been demonstrated in some rodent species (Primakoff et al., 1987; Rochwerger and Cuasnicu, 1992) . Relocation of oocyte ligands on the boar sperm plasma membrane has not been investigated.
The aim of the present study was to determine the localization of oocyte binding sites on individual boar sperm cells and the population distribution of oocyte plasma membrane binding sites in boar sperm populations during capacitation and acrosome reaction. Owing to its ability to analyse thousands of spermatozoa and provide quantitative comparisons in oocyte plasma membrane binding with changes in functional status, flow cytometric analysis was used to determine the distribution of oocyte plasma membrane binding sites in boar sperm populations.
Materials and Methods

Sperm collection and processing
Sperm-rich fractions were collected from boar (PIC L27 × L15, PIC L27 × 1050 and Yorkshire) semen samples, filtered through Miracloth, assessed for motility and washed on a Percoll gradient in Tris-buffered medium (TBM; 113.1 mmol NaCl l −1 , 10 mmol CaCl 2 l −1 , 20 mmol Tris l −1 , 10 mmol glucose l −1 , 0.5 mmol sodium pyruvate l −1 , 3 mmol KCl l −1 , 50 g gentamicin sulphate ml −1 , pH 7.85) as described by Berger and Horton (1988) . Spermatozoa were diluted to 1 × 10 7 spermatozoa ml −1 in 5 mg BSA ml −1 of TBM (washed spermatozoa). For capacitation, an aliquot of these washed spermatozoa was incubated at 39
• C with 5% CO 2 in air for 6 h (capacitated spermatozoa). Acrosome reactions were induced by addition of 125 g heatsolubilized pig zona pellucida ml −1 for 30 min after 5.5 h of incubation (Berger et al., 1989) . As a control for capacitation (control incubated spermatozoa), an aliquot of the sperm-rich fraction was washed on a Percoll gradient and incubated with 5 mg polyvinyl alcohol (PVA) ml −1 of TBM instead of BSA at 39
• C for 6 h in the absence of CO 2 .
Isolation and biotinylation of pig oocyte plasma membrane Oocyte plasma membrane was isolated and biotinylated as described by Ash et al. (1994) . Briefly, pig ovaries were sliced and cumulus-free oocytes with intact zona pellucida were isolated by filtration. After homogenization and removal of the zona pellucida, oocyte plasma membrane was isolated by differential centrifugation. The protein content of the isolated oocyte plasma membrane was determined with a bicinchoninic acid assay (Pierce, Rockford, IL). Isolated pig oocyte plasma membrane was solubilized in 16 mmol 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulphonate (Chaps) l −1 , 20% (v/v) glycerol, 2 mmol EDTA l −1 and 10 mmol NaHCO 3 l −1 buffer at 4
• C for 1 h with gentle shaking before biotinylation. Biotin label (NHS-LC-Biotin, Pierce) was added to solubilized oocyte plasma membrane at a ratio of 2:1 (w:w) biotin:oocyte plasma membrane. Biotinylation occurred for 2 h at 4
• C with gentle shaking. Unreacted biotin was removed by ultrafiltration with 10 mmol NaHCO 3 l −1 in Centricon ultrafiltration devices (Amicon, Beverley, MA). Biotinylated oocyte plasma membrane was stored at -20
• C until used.
Indirect fluorescent labelling of live boar spermatozoa
Live washed, capacitated and zona pellucida-induced acrosome-reacting spermatozoa (1 × 10 7 spermatozoa ml −1 TBM) from three boars were incubated with biotinylated oocyte plasma membrane (20 g ml −1 ) for 10 min. Unbound oocyte plasma membrane was removed by centrifugation at 350 g for 3 min and the supernatant was discarded. Alexa Fluor R 488-avidin (Alexa 488-avidin, Molecular Probes, Eugene, OR) was added at 2 g l −1 in TBM to the sperm pellet and incubated for 10 min. Sperm aliquots were centrifuged at 350 g for 3 min to remove unbound excess Alexa 488-avidin and spermatozoa were resuspended in TBM. As a negative control, only the Alexa 488-avidin was added to sperm aliquots (no biotinylated oocyte plasma membrane was added). The pattern of bound oocyte plasma membrane was visualized with fluorescence microscopy and scored for 300 spermatozoa per treatment. The percentage of spermatozoa with different oocyte plasma membrane staining patterns was analysed using the general linear models (GLM) procedure in SAS (SAS Institute Inc., 1985) . Differences among means were tested with linear contrasts.
Flow cytometry of oocyte plasma membrane-labelled live boar spermatozoa Live boar spermatozoa were incubated with Alexa 488-avidin-labelled biotinylated oocyte plasma membrane to detect oocyte binding sites by flow cytometry analysis. Biotinylated oocyte plasma membrane was directly labelled with a 2:1 ratio (w:w) of Alexa 488-avidin (OPM-Alexa). For a negative control, a 2:1 ratio (w:w) of Alexa 488-avidin was added to unbiotinylated oocyte plasma membrane (unbiotinylated OPM-Alexa).
In preliminary experiments, the removal of excess Alexa 488-avidin was unnecessary as it did not interfere with detection of the bound OPM-Alexa. Washed, capacitated, control-incubated, and zona pellucida-induced acrosome-reacting spermatozoa (1 × 10 7 spermatozoa ml −1 TBM) from each of the three different boars were labelled with 0.002 g OPM-Alexa l −1 or 0.002 g unbiotinylated OPM-Alexa l −1 in TBM for 5 min. OPM-Alexa-bound boar sperm samples were diluted fivefold in TBM to 2 × 10 6 spermatozoa ml −1 for flow cytometry analysis. Propidium iodide (PI) was added to OPM-Alexa-labelled boar spermatozoa to a final concentration of 12 mol l −1 to discriminate between live and dead spermatozoa in treatment samples.
Washed, capacitated, control incubated, and zona pellucida-induced acrosome-reacting boar sperm aliquots that were incubated with OPM-Alexa and unbiotinylated OPM-Alexa were analysed by FACScan (Becton-Dickinson, San Jose, CA). The FACScan was equipped with a 488 argon laser, FL1 530 bandpass filter and FL3 620 nm longpass filters. Data were collected for forward scatter (FSC), side scatter (SSC), FL1 (OPM Alexa 488-avidin) and FL3 (PI). Data from a minimum of 10 000 spermatozoa were collected per treatment.
Analysis of flow cytometry data
Data were analysed using the WinMIDI flow cytometry program (version 3.0, J. Trotter, free software). Initially, regional gates were set for FSC and SSC on PI-stained dead sperm samples to identify the sperm population in live sperm samples and remove small particles and sperm aggregates from analysis. The distribution of OPM-Alexa-labelled boar spermatozoa and unbiotinylated OPM-Alexa negative control sperm populations were compared using the Kolmogorov-Smirnov (K-S) statistic (Young, 1977) . The K-S statistic is used in flow cytometric analysis to determine whether two population distributions are from the same parent distribution. Significance indicates that the distributions being compared are not from the same parent distribution.
The labelling frequency of the OPM-Alexa-bound sperm population was determined by visually assessing the distributions of the treatment population (OPM-Alexa) with the control population (unbiotinylated OPM-Alexa) on the same histogram. The lowest channel number in which the OPM-Alexa binding was higher than the control binding was determined. The percentage of the OPM-Alexa and control sperm populations over that channel number was determined and the percentage of spermatozoa in the control population was subtracted from the percentage of the OPM-Alexa-bound population. Labelling frequency of treatments and correlation of live and dead sperm populations with percentage of OPM-Alexa-labelled population were analysed using the GLM procedure in SAS (SAS Institute Inc., 1985) . Differences among means were tested with linear contrasts.
Results
Oocyte plasma membrane fluorescent labelling patterns on live boar spermatozoa induced acrosome reactions. In the washed boar sperm population, oocyte plasma membrane bound to 2.2% of the sperm population (whole head and faint head) while 97.8% of the population remained unbound by the oocyte plasma membrane as detected by fluorescent microscopy (Figs 1 and 2 ). Postacrosomal head and equatorial segment localization of the bound oocyte plasma membrane occurred when boar spermatozoa were incubated under capacitating conditions for 6 h. After induction of acrosome reactions with solubilized zona pellucida, the percentage of spermatozoa with equatorial localization of the bound oocyte plasma membrane significantly increased compared with the percentage at capacitation (4.5 versus 1.0, SEM = 0.4, P < 0.0001, n = 3). The percentage of spermatozoa with faint head labelling with the oocyte plasma membrane was significantly increased in the acrosome-reacting population when compared with that of washed spermatozoa or capacitated spermatozoa (16.2% versus 1.2% or 4.8% for acrosome-reacting, washed or capacitated spermatozoa, respectively, SEM = 4.3, P < 0.05).
Flow cytometric detection of oocyte plasma membrane binding sites in boar sperm populations Three concentrations of OPM-Alexa were initially incubated with spermatozoa to determine an optimal concentration for flow cytometric analysis. When OPMAlexa binding site data were analysed on a histogram, a concentration-dependent change in median channel number occurred with increasing concentrations of OPM-Alexa (Fig. 3) . The concentration of 0.002 g OPM-Alexa l −1 was chosen for subsequent experiments. Four sperm populations were labelled with OPM-Alexa for each of three boars: washed, capacitated, incubated control and zona pellucidainduced acrosome-reacting capacitated spermatozoa. The distribution was significantly different from the negative control population (unbiotinylated OPM-Alexa) for each population from each boar as indicated by K-S statistical tests (P < 0.001; data not shown).
The subpopulation of spermatozoa that bound oocyte plasma membrane increased from 21.0% of washed spermatozoa to 38.2% of capacitated spermatozoa (P = 0.005, SEM = 4.0, n = 3; Fig. 4) . As an incubation control for capacitation, spermatozoa incubated with PVA instead of BSA and in the absence of bicarbonate were incubated with OPM-Alexa. The increase in OPM-Alexa binding to spermatozoa that occurred after incubation under capacitating conditions was not detected in the spermatozoa incubated with PVA without bicarbonate (22.2% of the population; P = 0.007 compared with capacitated spermatozoa). The percentage of spermatozoa binding OPM-Alexa in the zona pellucida induced acrosome-reacting population (26.7%) was less than the percentage detected in the capacitated sperm treatment (P = 0.03).
Median fluorescence was similar in washed ( = 137), capacitated ( = 143) and zona pellucida-induced acrosome-reacting populations ( = 136). Although more capacitated spermatozoa bound OPM-Alexa, capacitation did not increase the amount bound by the average individual responding spermatozoon in these experiments.
Dead spermatozoa were clearly separated from live spermatozoa using PI in conjunction with OPMAlexa staining (Fig. 5) . The percentages of neither live (62.8%) nor dead spermatozoa (36%) were significantly correlated with the percentage of OPM-Alexa-labelled capacitated spermatozoa. Both live and dead spermatozoa were labelled with oocyte plasma membrane, suggesting that oocyte plasma membrane binding sites detected by the flow cytometer are present on the surface of intact boar spermatozoa.
Discussion
In the present study, the capacitation-dependent and acrosome reaction-induced changes in oocyte plasma membrane binding sites on live boar spermatozoa were characterized using isolated oocyte plasma membrane. The washed spermatozoa (0 h incubated) have very limited ability to interact with the oocyte plasma membrane (Berger and Horton, 1988) . Spermatozoa incubated for 6 h under these conditions (capacitated spermatozoa) have bound and subsequently fused with the pig oocyte plasma membrane (Linfor and Berger, 2000) and contributed to further embryonic development (M. Sween and T. Berger, unpublished) .
The appearance of oocyte plasma membrane binding sites at the postacrosomal head and equatorial segment of live boar spermatozoa occurs with capacitation and induced acrosome reactions, indicating either an unmasking or redistribution of oocyte plasma membrane binding sites to these sperm surface subdomains. The capacitation-dependent increase in oocyte plasma membrane binding sites on the boar spermatozoa visualized by fluorescence microscopy was also demonstrated when the population distribution of OPM-Alexabound spermatozoa was analysed by flow cytometry. The percentage of spermatozoa with equatorial localization increased in the biologically relevant acrosome-reacting population. Modification of the sperm plasma membrane occurs with capacitation and acrosome reaction (Primakoff et al., 1987; Rochwerger and Cuasnicu, 1992; de Lamirande, 1997) . Capacitation leads to changes in exposed sperm membrane proteins and antigen localization in boar spermatozoa (Berger, 1990; Topfer-Petersen, 1990; Peknicova et al., 1994) . Control incubated populations confirmed that the changes in OPM-Alexa binding were capacitation-dependent as bicarbonate is necessary for capacitation (Harrison, 1996) ; bicarbonate is present in the medium because CO 2 in the gas phase readily equilibrates with the medium and is rapidly converted to bicarbonate (Freshney, 2000) .
The proportion of spermatozoa with detectable OPMAlexa binding was higher in the flow cytometric trials than in spermatozoa observed with fluorescence microscopy. This finding is probably due to the increased sensitivity of the flow cytometer. A reduction in the proportion of spermatozoa binding OPM-Alexa after induction of the acrosome reaction was detected by flow cytometry but not by microscopy, and this finding may be due to a loss of sites during the acrosome reaction.
With these data, the percentage of spermatozoa with the ability to interact with the oocyte plasma membrane after in vitro capacitation and after acrosome reaction induction after 6 h incubation in capacitating conditions can be determined. Capacitation of boar spermatozoa for 6 h allows for maximum sperm penetration of zona pellucida-free hamster oocytes and induced acrosome reaction rates are the same for spermatozoa incubated for 6 h and 4 h (Berger and Parker, 1989; Berger et al., 1989) . This sperm population incubated for 6 h may not represent all the spermatozoa in the population that are capable of interacting with the oocyte plasma membrane. Sperm populations are heterogeneous presumably to prevent spermatozoa from all being competent for fertilization at the same time (Bedford, 1983 ; Amann , 1993; Harrison 1997) . The heterogeneity of sperm populations has been demonstrated in zona pellucida binding ability and capacitation (Harrison et al., 1993; Ashworth et al., 1995; Harkema et al., 1998) .
In conclusion, a change in oocyte plasma membrane binding sites during capacitation and acrosome reaction of live boar spermatozoa has been demonstrated. Flow cytometric analysis of the oocyte plasma membrane binding sites confirmed an increase in binding sites with capacitation. Further studies with flow cytometric analysis of oocyte plasma membrane binding sites could be useful for studying the heterogeneous nature of the boar sperm population and fertility (Hammerstedt, 1996) . K (1989) Modification of the zona-free hamster ova
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